The predominant charge carrier during routine fast excitin excitatory synaptic input in order to maintain a relaatory synaptic transmission is the AMPA type receptor, tively constant output. We report here that inhibition while NMDA receptors contribute a significant calcium current, which is thought to modulate second messenof excitatory synaptic transmission in cultured spinal ger systems and kinases. To date, experiments have neurons leads to an increase in mEPSC amplitudes, suggested that the increased mEPSC amplitude and accompanied by an equivalent increase in the accuneuronal glutamate sensitivity resulting from the blockmulation of AMPA receptors at synapses. Conversely, ade of excitatory synaptic activity are due to an alterincreasing excitatory synaptic activity leads to a de- 
Introduction al., 1997), while work from our own lab has shown that receptor phosphorylation can modulate channel gating Neurons maintain an overall homeostatic response to (see for example Roche et al., 1996; Traynelis and Wahl, the level of excitatory synaptic transmission. This regu-1997). In addition, the onset of axonal sprouting and de latory process may play a critical role in the modulation novo synaptogenesis, which is influenced by synaptic of both normal and pathologic neuronal function. It has activity (Cline and Constantine-Paton, 1990), may also been proposed that individual neurons act as long-term alter postsynaptic neuronal glutamate sensitivity. We report here that alterations in the amount of excit-(over a period of days) integrators of their past synaptic atory synaptic transmission present in cultured spinal activity and possess mechanisms to compensate for neurons result in a significant change in the amplitude increases or decreases in the level of excitatory synaptic of mEPSCs, an effect that can be quantitatively acinput (see Bear, 1995; Miller, 1996) . This activity-depencounted for by the size of immunostained postsynaptic dent adjustment in the output strength of the postsynap-AMPA receptor clusters. The time course and magnitude tic neuron may be important in setting the threshold for of this effect are a reflection of the turnover of synaptic the induction of long-term potentiation (LTP) and long-AMPA receptors whose metabolic half-life is modulated term depression (LTD). Changes in neuronal activity that by excitatory synaptic activity. These results indicate have a long-term impact on the cell's output may also that neuronal activity modulates excitatory synaptic transhave important roles in disease processes. For example, mission by regulating the accumulation of AMPA recepFurshpan and Potter (1989) have shown that blockade tors at synapses through a novel signaling pathway. of excitatory synaptic transmission predisposes neurons to bursting synaptic activity and excitotoxic cell Results
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cacy of excitatory synaptic transmission, cultured spinal neurons were incubated with either glutamate receptor shows mEPSCs recorded from a control cell, an inhibited cell, and an active cell, while mEPSC amplitude antagonists to block excitatory synaptic transmission or with GABA A and glycine receptor antagonists to increase histograms from these same three cells are shown in Figure 1B . Chronic inhibition of excitatory synaptic basal excitatory synaptic activity. The cells were initially maintained in culture in the absence of receptor antagotransmission dramatically increased the mean mEPSC amplitude from a control value of 33.0 Ϯ 2.4 pA (SEM, nists for 1 week, at which time spontaneous excitatory synaptic transmission is widespread. The cells were n ϭ 11) to 52.9 Ϯ 4.7 pA (SEM, n ϭ 12). In contrast, increasing the level of excitatory synaptic activity with then incubated for a subsequent 3 days in either control media (control cells), media containing the glutamate picrotoxin and strychnine decreased the mean mEPSC amplitude to 22.5 Ϯ 3.0 pA (SEM, n ϭ 7). Under all receptor antagonists CNQX and APV (inhibited cells), or media containing the GABA A and glycine receptor conditions, the amplitude histograms were skewed toward higher values, as previously described for other antagonists picrotoxin and strychnine (active cells). Previous work has shown that CNQX (10 M) and APV central synapses (see Jack et al., 1994; Walmsley, 1995) . It is unlikely that the skew we observe arises as a result (300 M) are completely effective at blocking AMPA and NMDA receptor-mediated synaptic transmission in of differences in the electrotonic distance of synapses from the somatic recording site, since no correlation these cultures (O'Brien et al., 1997). In contrast, picrotoxin (100 M) and strychnine (2 M) eliminate the large was found between the kinetics of mEPSCs (measured by their 10%-90% rise times or decay times) and their inhibitory currents normally present in these cultures Figure 1A conditions, and the series resistance and capacitance of Control, inhibited, and active cultures were grown as described in Experimental Procedures. On day 10 in vitro, separate coverslips were double stained for C-GluR1 (Cy3) and synaptophysin (FITC) and viewed with a 63ϫ objective. Each number represents data (Ϯ SD) from ten neurons or visual fields in each of six platings. In addition, the mean neuronal synaptic fluorescence intensities for N-GluR1, C-GluR1, N-GluR2, and synaptophysin were calculated for a series of neurons in each of the three experimental conditions as described in the legend to Figure 3 . the cells remained unchanged. As described previously, N-GluR1 and C-GluR1 staining (mean correlation coefficient ϭ 0.85 Ϯ 0.06, n ϭ 4), suggesting that our assay the mEPSCs appeared to lack a slower component, is sensitive to physiologic differences in synaptic AMPA corresponding to NMDA receptor activation, even in the receptor concentration. presence of 1 M glycine and low Mg 2ϩ (O'Brien et al., To investigate the relationship between synaptic ac-1997).
tivity and postsynaptic AMPA receptor clustering, we The increase in mEPSC amplitude seen in chronically examined postsynaptic GluR1 clusters, using both douinhibited neurons was accompanied by a corresponding ble and triple staining techniques, in a series of control, increase in neuronal glutamate sensitivity. Application inhibited, and active neurons. For double staining, we of kainate (1 mM) produced significantly larger responses combined either C-GluR1 (total synaptic GluR1), N-GluR1 in inhibited cells than in control cells. As summarized (surface synaptic GluR1), or GluR2 (total synaptic GluR2; in Figure 1D , kainate-evoked responses (normalized to Vissavajjhala et al., 1996) staining with FITC-labeled the cell's capacitance) in control cells had a mean amplisynaptophysin staining. For triple staining, surface GluR1 tude of 76.5 Ϯ 8.3 pA/pF (SEM, n ϭ 8), whereas inhibited (FITC-labeled N-GluR1), total GluR1 (CY3-labeled C-GluR1), cells had a mean amplitude of 120.0 Ϯ 12.6 pA/pF (SEM, and synapses (AMCA-labeled synaptophysin) were idenn ϭ 7). The effect of synaptic activity on mEPSC amplitified simultaneously as described in Experimental Protude and kainate sensitivity occurred in the absence of cedures. Both techniques gave identical results, and the any change in the neuronal density, the number of total data were pooled. As shown in Figure 3 and quantified synapses per neuron, or the number of AMPA receptor in Table 1 , inhibition of excitatory synaptic transmission clusters per neuron (Table 1) .
increased the size and fluorescence intensity of the signals corresponding to the surface (N-GluR1) and total Synaptic Activity Regulates the Accumulation (C-GluR1) pools of postsynaptic AMPA receptors comof AMPA Receptors at Synapses pared to control cultures. Moreover, increasing excitatory Taken together, these results suggest that changes in synaptic activity with picrotoxin and strychnine dethe synaptic activity of cultured spinal neurons results creased the size and fluorescence intensity of the sigin a postsynaptic alteration in AMPA receptor function. nals corresponding to postsynaptic AMPA receptor Since an alteration in mEPSC amplitude and kainate clusters. A similar effect was seen for GluR2 (Table 1) AMPA receptor accumulation occurred in the absence ratio of surface GluR1 to total GluR1 at individual synof any change in the survival of neurons, the number of apses was well fit by a Gaussian curve in control, inhibsynaptic GluR1 clusters per neuron, or the total number ited, and active cultures ( Figure 4B ). In addition, the of synapses per neuron (Table 1) Table 2 ) and is similar to the skewed distribution of mEPSC amplitudes ( Figure 1 and Table 2 ). This suggests
The Kinetics of Activity-Dependent AMPA that at least part of the skewed distribution of mEPSC Receptor Accumulation amplitudes is due to the skewed distribution of AMPA To investigate the time course and reversibility of the receptors at individual synapses and that postsynaptic activity-dependent modulation of synaptic GluR1 accureceptor number is limiting for mEPSC amplitude. While mulation, we returned chronically inhibited cultures to this model relies on the assumption that synaptic glutacontrol glial conditioned medium and followed the demate concentrations are near saturation (Bruns and cline in the mean synaptic GluR1 fluorescence intensity Jahn, 1995), it would help explain how changes in postover time. As shown in Figure 5A , the level of synaptic synaptic receptor number directly affect mEPSC ampli-C-GluR1 fluorescence intensity returned to baseline only tudes.
after 36 hr in control medium. It is interesting to note While the distribution of synaptic AMPA receptor fluorescence intensities was decidedly non-Gaussian, the that the mean synaptic GluR1 intensity at 36 hr was less Figure 5D ) showed no change to condition the media and to reduce ambient glutamate in the ratio of surface to total GluR1, measured using levels. regression analysis, or in the coefficient of variation of We next sought to determine whether acute increases the individual synaptic intensities. Using a combination in excitatory synaptic activity could affect the distribuof Z testing, 95% confidence intervals, and modeling, tion of GluR1 on a time scale shorter than that described our data could have excluded a 20% change in either above. To evaluate this, APV and CNQX were withdrawn the mean surface GluR1 accumulation or the ratio of from chronically inhibited cultures, and the neurons were surface to total synaptic GluR1. In addition, the slope incubated for 90 min in culture media containing picroof the regression coefficient was sensitive to a 50% toxin (100 M) and strychnine (1 M) to block GABA A and change in the amount of surface receptors in a subpopuglycine receptors. This paradigm resulted in sustained lation of 30% of the excitatory synapses. Similar results rhythmic depolarizing bursts ( Figure 5B , arrows), similar were seen when control cultures (never exposed to APV to the epileptiform type discharges seen by Furshpan and CNQX) were incubated with strychnine and picroand Potter (1989) in chronically inhibited hippocampal toxin for 90 min (data not shown). neurons. Following the 90 min period of high synaptic activity, including a 30 min live incubation with N-GluR1, Synaptic Activity Regulates the Metabolic cultures were fixed and stained for surface and total
Half-Life of AMPA Receptor Subunits synaptic GluR1 and compared to cultures continuously We were interested in whether the effect of synaptic treated with APV and CNQX. Despite the intense excitatory synaptic activity, we saw no difference in the mean activity on GluR1 localization was associated with a change in total population of neuronal AMPA receptors associated protein GRIP in active cultures. The increase in AMPA receptor subunit accumulation seen in chronior was merely a reflection of a redistribution of preexisting receptors. As shown in Figure 6A and Table 3, cally inhibited cultures is not due to an increase in mRNA levels, as Northern blots of control vs. inhibited cultures when assayed by immunoblotting, chronic inhibition of excitatory synaptic transmission caused a net increase showed no change in the level of the 5.5 kb GluR1 mRNA transcript (Patneau et al., 1994 ) when normalized to in the total amount of GluR1 compared to control cultures, while picrotoxin and strychnine caused a de-GAPDH ( Figure 6B and Table 3 ). In order to investigate the mechanism underlying the crease in total GluR1. The magnitude of this effect is similar to that seen in the immunocytochemical and activity-dependent accumulation of GluR1, we measured the turnover of GluR1 in the presence and absence electrophysiological experiments. The effect of synaptic activity on the level of total GluR1 appeared specific, in of synaptic activity. Previous work had shown that the metabolic half-life of AMPA receptors measured with that there was no change in the amount of tubulin ( Figure  6A and Table 3 ), or total protein (Table 3) The distribution of fluorescence intensities for individual synaptic AMPA receptor clusters fits a rightwardskewed Gaussian distribution that remains unaltered by modulating synaptic activity. Thus, it would appear that normal or moderately increased levels of spontaneous synaptic activity do not qualitatively affect the distribution of AMPA receptors at synapses in cultured spinal neurons. In addition, the ratio of surface to total synaptic GluR1 receptors was not changed by synaptic activity and followed a true Gaussian distribution in all conditions. This suggests that the surface redistribution of a subsurface pool of receptors was not responsible for the increase in synaptic GluR1 accumulation. The Gaussian distribution of the ratio of surface to total synaptic GluR1 subunits also suggests that multiple distinct subpopulations of synapses with variable surface components are not likely to exist in these cultures. Finally, we saw no evidence that the surface distribution of postsynaptic AMPA receptors could be altered on a time scale more rapid than their half-life, even in the face of an abrupt camera was adequate for the entire range of synaptic fluorescence SDS/PAGE sample buffer and subjected to SDS-PAGE (7.5% acrylintensities, and no neutral density filters were necessary. amide). Proteins were transferred to Immobilon-P (Millipore Corp.), Following acquisition, neurons were analyzed with an invariant immunoblotted using the C-GluR1, C-GluR2/3, and NR1 antibodies setting for both contrast (50% system maximum) and brightness (described above) at approximately 0.5 g/ml, and visualized with (80% system maximum). With these settings, all pixels were well enhanced chemiluminescence (ECL, Amersham Corp.). Blots were within the linear range of the Metamorph system. Dendrites running subsequently stripped at 55ЊC and reprobed with a monoclonal antithrough the center of the field were outlined and the threshold adtubulin antibody (T-9026; Sigma) at a 1:15,000 dilution. Protein band justed to visually encompass all synaptic AMPA receptor clusters.
intensity was quantitated using a Molecular Dynamics Personal DenThe presence of synaptophysin ensured that only synaptic GluR1 sitometer SI and ImageQuantTM software (Mammen et al., 1997). clusters were analyzed. The total fluorescence intensity and size (pixels) of the clusters were then determined and the diffuse denNorthern Blotting dritic stain was subtracted to yield the synapse specific intensity. In Total RNA was isolated from high-density control and inhibited (APV addition, the ratio of FITC/CY3 (N-GluR1/C-GluR1) at each synaptic and CNQX) spinal cultures on day 10, using the Totally RNA kit from cluster was also determined when appropriate. Finally the image Ambion. Five micrograms of each of three control and three inhibited was converted to an 8-bit image and printed using Adobe Phocultures was precipitated overnight with ethanol. Following centrifutoshop. Using these techniques, combined with rigorously stangation and brief drying, the samples were prepared and fractionated dardized staining protocols, we found that variation in the mean on a 1.1 M formaldehyde/1.3% agarose gel as described ( 
